Abstract: Honeybee brood food, larval jelly (LJ) contains antimicrobial peptide defensin1 that is able to inhibit in vitro growth of the pathogen causing American foulbrood (AFB). This fact suggests that LJ defensin1 could participate in defense of colonies against AFB. We assume that the potential defense function of defensin1 in vivo might depend on its amount in LJs. Therefore, we investigated the expression of defensin1 in colonies. The expression was examined on protein and mRNA levels in colonies of several Apis mellifera carnica lines collected in 3 apiaries (1 infected with AFB) with the aim to identify factors influencing the expression. Levels of defensin1 were determined in royal and worker jellies by a developed immunoblot procedure employing antibodies generated against the recombinant peptide. Defensin1 mRNA levels in nurse heads were explored by dot blot hybridization using transcript of two MRJP genes for normalization. Analyzed LJs contained various amounts of defensin1 (0.159-0.524 µg/mg jelly). Higher variations in defensin1 levels were observed among LJ samples collected from different colonies than among those collected within single colony. Colonies producing LJs with elevated defensin1 levels occurred among various honeybee lines. Levels of defensin1 mRNA varied in heads of nurses and the variations correlated with defensin1 peptide levels in LJs only in some colonies. Obtained data demonstrate that defensin1 is constitutively expressed into LJs in colonies and indicate that its levels in jellies are determined by genetic factors regulating transcription and/or translation/posttranslation processes in nurses. AFB infection, larval age and type of LJ do not seem to affect the levels of the peptide in LJs. Findings made in this work suggest that it should be possible to breed novel honeybee lines expressing higher amounts of defensin1 into LJs.
Introduction
One of the serious problems in beekeeping is bacterial brood disease American foulbrood (AFB). The disease causes substantial financial losses in beekeeping and agricultural production dependent on pollination. Several measures are used for disease control ranging from prevention (good beekeeping practice) through different disinfection strategies up to burning of colonies after outbreak of the disease (Ratnieks 1992; Hansen et al. 1999; Williams 2000) . Use of antibiotics to suppress AFB was shown to be associated with contaminations of honey and development of resistant strains of AFB pathogen (Miyagi et al. 2000; Evans 2003; Lodesani & Costa 2005) . Therefore, application of antibiotics is banned in most European countries. The efficient way to fight AFB seems to be breeding of honeybee lines showing higher ability to resist to the pathogen infection (Spivak & Reuter 2001; Pérez-Sato et al. 2009 ).
The causative agent of AFB is spore-forming Gram-positive bacterium Paenibacillus larvae (Genersch et al. 2006) . Less than 10 spores in larval diet may suffice to infect midgut of 12-36 hour old larvae and cause their death and fatal infection in colony due to massive spore production (one decomposed larva produces 2 × 10 9 spores) and their easy transmission within colony (Bailey & Ball 1991; Shimanuki et al. 1992; Hansen & Brødsgaard 1999; Fries & Camazine 2001; Lindström et al. 2008) . Incidence, progression and severity of AFB in colonies are affected by virulence of P. larvae, bee defense abilities, environmental conditions and stress (Genersch et al. 2005; Rauch et al. 2009; Genersch 2010) . Colonies exhibit different degrees of resistance against AFB (Rothenbuhler & Thompson 1956; Bambrick 1964; Hansen & Brødsgaard 1999) which might be associated with the efficacy of individual and social/collective defense traits of larvae and adult bees (Cremer et al. 2007; Wilson-Rich et al. 2009; Evans & Spivak 2010) . Several defense mechanisms actc 2011 Institute of Zoology, Slovak Academy of Sciences Defensin1 expression in honeybee colonies 201 ing against AFB in colonies have been described: (1) filtering of spores from contaminated food in stomach of adult bees (Sturtevant & Revell 1953) , (2) the inhibitory effect of other microorganisms present in the gut of larvae (Rinderer et al. 1974; Forsgren et al. 2010) , (3) the action of cellular and humoral immune reactions in the hemolymph of larvae (Wilson-Rich et al. 2008) including age-and/or pathogen-dependent synthesis of antimicrobial substances and peptides in larvae (Wedenig et al. 2003; Evans 2004; Evans & Pettis 2005; Evans et al. 2006; Randolt et al. 2008) , (4) and ability of bees with heightened olfactory sensitivity to detect and remove infected larvae from a hive before pathogens reach infectious stage -hygienic behavior (Woodrow and Holst 1942; Spivak & Gilliam 1998a, b; Masterman et al. 2001) .
Besides defense mechanisms mentioned above, the diet of honeybee larvae-the larval jelly (LJ) has a potential to participate in protection against P. larvae infection (Rose & Briggs 1969; Hornitzky 1998; Bí-liková et al. 2001; Bachanová et al. 2002) . Several proteinaceous and non-proteinaceous antimicrobial substances have been found in royal jelly (RJ), the diet of queen larvae. Among them are the peptides, defensin1 originally named royalisin (Fujiwara et al. 1990 ) and jelleines (Fontana et al. 2004) , various derivatives of fatty acids (Blum et al. 1959; Yatsunami & Echigo 1985; Melliou & Chinou 2005) , and truncated, specifically glycosylated variant of jelly protein MRJP2 named apalbumin2a (Bíliková et al. 2009 ). At present, little is known about the concentration of these compounds in worker jelly (WJ), the food of worker larvae. Similarly, nothing is known about factual contributions of the antimicrobial compounds in the defense of individual larvae and in the colony defense against AFB.
We hypothesize that defensin1 could be one of the compounds of LJ contributing to colony defense against AFB. Insect defensins were documented to be effective against various Gram-positive bacteria (Bulet et al. 1999; Bulet & Stöcklin 2005) . They almost immediately kill bacterial cells by permeabilization of their cytoplasmic membrane (Cociancich et al. 1993; Otvos 2000; Wong et al. 2007 ). Defensin1 is expressed in different honeybee tissues as pre-pro-peptide from which active peptide containing 51 amino acids arises by processing (Casteels-Josson et al. 1994 ): (i) fat body of bacterially infected adult bees inducibly expresses hemolymph defensin (Casteels-Josson et al. 1994; Casteels 1998) , (ii) cephalic hypopharyngeal and mandibular glands of nurse honeybees putatively constitutively express LJ defensin1 (Bachanová et al. 2002; Klaudiny et al. 2005) and (iii) defensin1 gene is expressed also in thoracic salivary glands of nurses (Klaudiny et al. 2005) and in bee larvae (Evans 2004) . Two facts support the notion that LJ defensin1 could contribute to the protection of brood against AFB and influence the resistance of colonies against it: (i) the peptide inhibits the in vitro growth of P. larvae (Bíliková et al. 2001; Bachanová et al. 2002) and (ii) RJs seem to differ in amounts of the peptide as deduced from analyses of RJ samples originating from several colonies (Bachanová et al. 2002) . Besides the last finding, no other data are available about defensin1 content in RJs and WJs in colonies. Factors controlling expression of the peptide in nurses of individual colonies are unknown. We consider that knowledge of these issues might help in the elucidation of the function of defensin1 in LJ. Here we report on quantifications and comparisons of defensin1 peptide levels in LJs and defensin1 mRNA levels in nurses from different colonies and on evaluation of the role of some non-environmental factors in LJ defensin1 expression. We discuss some aspects concerning the hypothetical antipathogenic function of LJ defensin1 and the breeding of colonies producing increased levels of LJ defensin1.
Material and methods

Biological material
Samples of RJs and WJs were collected from Apis mellifera carnica (Pollman, 1879) colonies belonging to different breeding lines and containing mostly naturally mated and in several cases artificially inseminated queens (line-breeding colonies). Colonies came from three apiaries located in central Slovakia more than 40 km apart: the apiary of the Institute of Apiculture Liptovský Hrádok (L) and private apiaries in Valaská (V) and in Slatina (S). Samples were collected in sets, single sets mostly within one day, during May -June 1999, June -July 2001 and June -July 2002. RJs were collected from natural queen cells, mostly from one cell, some of them from larvae of known ages, during swarming of colonies. Several RJ samples were collected from an apiary showing AFB disease expansion (S) both from the hives without and with the typical AFB symptoms (positive ropiness test). WJs were gathered from a number of worker cells containing 2-3 days old larvae in the total volumes of 40-50 µl. LJ samples were collected into microtubes, stored at -20
• C and before weighing for analysis homogenized well by stirring with a spatula. Nurse honeybees of defined age of 10 and 14 days were collected from 6 colonies in the apiary L. Their age was determined on the basis of color labeling of freshly emerged workers (aged 0-18 h). The 10 days old nurses were collected from identical colonies as some WJs (samples 50-55, Table 1) on the same day. Nurses were gathered into plastic tubes, quickly frozen in liquid nitrogen and stored at -70
Cloning and expression of defensin1 in Escherichia coli An AseI-HindIII fragment of cDNA encoding mature defensin1 without signal peptide and pro region of defensin1 was excised from the clone in vector pBluescript KS (+) (Klaudiny et al. 2005 ) and subcloned into the NdeI and HindIII digested vector pET-28a(+). The new plasmid construct pETmDef1 was transformed into E. coli BL21(DE3). The expression of recombinant defensin1 peptide containing on its N-terminus a 6x histidine tag, 14 extra amino acids encoded by pET vector and one inserted methionine was performed after induction with 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside) and the cultivation of culture for 4 h at 37
• C according to the pET system manual (Novagen).
Purification of recombinant and native defensin1
Recombinant defensin1 with predicted size of 7.89 kDa was purified from E. coli cells using affinity chromatography on Ni-NTA agarose column under denaturing conditions (The QIAexpressionist manual, Qiagen) because defensin1 expression in insoluble inclusion bodies. The concentration of obtained defensin1 in an elution solution was determined spectrometrically at 205 nm (Stoscheck 1990) . Native defensin1 having size of about 5.52 kDa was isolated from RJ after its fractionation in discontinuous acidic polyacrylamide gel as previously described (Klaudiny et al. 2005) . Its concentration was determined by a BCA protein assay (Pierce) using bovine serum albumin (BSA) as a reference protein.
Preparation of polyclonal antiserum against defensin1 Recombinant defensin1 was further purified by preparative Tricine-SDS-PAGE (Schägger & Jagow 1987) . A piece of the gel containing around 200 µg of peptide was homogenized in PBS buffer and Freund's adjuvant firstly using a mortar and pestle, afterwards by passing repeatedly through a syringe and injected subcutaneously into a rabbit. The boosts followed five weeks after primary injection and then twice at four weeks intervals using Freund's incomplete adjuvant. Antiserum was prepared from the blood collected 12 d after the fourth inoculation.
Analysis of protein content of LJs
The dry weight of LJ samples was determined in around 20 mg of LJs after their 20 h lyophilization in microtubes. In the lyophilized samples, nitrogen (N) content was determined with an elementary analyzer (Fisons Instrument EA 1108) . From N, total protein (TP) was fixed employing the universal conversion factor of 6.25 (FAO Food and nutrition paper 77, Rome 2003, ISSN 02544725, pp. 7-11) . The amount of TP in 1 mg of LJ was calculated as follows: 1000 (µg LJ) × N (%) × 0.01 × 6.25. The amount of water-soluble proteins (WSP) in LJs was measured in jelly fractions prepared as follows: about 4 mg of LJs were dissolved in 1.6 ml of deionized water by repeated vortexing (10 × 10 s during 30 min) and then centrifuged at 12000 × g for 5 min. Coomassie Blue protein assay (Sedmak & Grossberg 1977) using BSA as a reference was employed for the measurement. The determined values were multiplied by a factor of 1.5 according to Schmitzová et al. (1998) . The TP and WSP amounts in LJs were determined by two and three independent measurements, respectively, from which mean values were calculated.
Immunobloting of LJs
RJ or WJ samples of about 2.5 mg were resuspended at a concentration 1 mg/100 µl in the loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.1 M ditiothreitol and 0.1% bromphenol blue) and boiled for 8 minutes. 20 µl aliquots containing 0.2 mg of jellies were electrophoresed on 16.5% Tricine-SDS-polyacrylamide gel (Schägger & Jagow 1987) . Two parallel gels were run in a Mini-Protean II electrophoresis cell (BioRad), one loaded with LJ samples and the second one with various amounts of pre-boiled selected RJ samples in the loading buffer serving as defensin1 quantification standard (details in section 3.1). Proteins were transferred onto 0.2 µm nitrocellulose BA-S83 membrane (Schleicher and Schuell) in 48 mM Tris, 39 mM glycin, 20% methanol using the semi-dry blotting procedure. The membranes were blocked for 1 h in the buffer TBST (50 mM TrisHCl, pH 7.5, 200 mM NaCl, 0.05% Tween 20) containing 1% BSA (TBST-B buffer) and then incubated overnight with an antiserum against defensin1 diluted 1:500 in TBST-B. After washing with TBST, the membranes were incubated for 2 h in TBST-B buffer containing swine anti-rabbit HRPlinked antibodies (Institute of Sera and Vaccines, the Czech Republic) diluted 1:5000. Immunoreactive bands were detected by the incubation of membranes in solution of 0.08% 3,3-diaminobenzidine in 100 mM Tris-HCl, pH 7.5, 0.03 mM NiCl2 and 0.09% hydrogen peroxide for 25 min. In the case of protein staining after electrophoresis, the gel was first fixed in 5% glutaraldehyde for 40 min, then washed in water 3 times for 5 min, stained with 0.025% Coomassie Brilliant Blue G-250 in 10% acetic acid for 1 h and finally destained in 10% acetic acid for 2 h.
Comparison of defensin1 levels in LJs
Membranes after immunodetection were scanned or photographed with a DC120 Zoom Digital Camera and defensin1 bands were semi-quantified with 1D Image Analysis Software (Kodak). Amounts of defensin1 in bands were determined using calibration curves derived from defensin1 quantification standards. Defensin1 in each LJ was quantified ordinarily by two immunoblots in which independently weighed samples were analyzed. Several samples whose quantification was associated with random experimental errors (larger differences between determined amounts) were analyzed by a third immunoblot to exclude false values. Average value from determined defensin1 amounts was calculated. Relative amounts of defensin1 in a set of compared LJ samples were estimated by dividing defensin1 amounts normalized to TP or WSP with the lowest value occurred in the set.
Isolation of RNA Total RNAs were prepared by the guanidine thiocyanatephenol method (Chomczynsky & Sacchi 1987) . The samples from examined colonies each containing 20 bee heads were initially pulverized under liquid nitrogen in mortar and then homogenized in a denaturing solution using ULTRA-TURRAX. Final RNAs were dissolved in DEPC-water and after incubation at 55
• C for 15 min their concentrations were estimated spectrometrically.
Preparation of DIG-labeled hybridization probes DNA probes corresponding to cDNAs of defensin1, MRJP3 and MRJP4 were prepared by PCR amplification of pBluescript plasmids containing the cDNAs (Klaudiny et al. 2005; Schmitzová et al. 1998) . Following primers were used for amplifications. Defensin1: Def1f1 and Def1r1 (Klaudiny et al. 2005) MRJP3f: TTGGGACTCGTGGGTAATTCAGG MRJP3r: TTGTGATATCTTCCGCAACGAGTG MRJP4f: ATGGCGTACTCCTTTTCGGACTC MRJP4r: CAACGACTATTCCGTATCAAGTCG PCR reactions were done with 0.1 ng of templates in buffer containing 1.5 mM MgCl2, 100 µM dATP, dCTP, dGTP, 80 µM dTTP, 20 µM digoxigenin-dUTP, 0.3 µM primers and 1.5 U AmpliTaq polymerase (PerkinElmer) in 50 µl volumes under following conditions: 94 • C for 10 min. PCR products were sizeseparated by agarose gel electrophoresis and DNA probes purified using Wizard SV gel and PCR clean-up system (Promega).
Northern and dot blot analyses
Northern blots were used to confirm the specificity of prepared hybridization probes for semi-quantification of mRNAs in RNA samples by dot blots. At Northern blots, RNAs (10 µg) were denatured in formamide-formaldehyde-MOPS buffer for 15 min at 65 formaldehyde gel electrophoresis and transferred by capillary blotting on a positively-charged nylon membrane (Roche) using 20× SSC buffer (Ausubel et al. 2000) . For dot blots, 4 µg RNA samples were denatured as above, diluted 5 times in 20× SSC and spotted on the membrane using a Milliblot vacuum apparatus (Millipore). After blotting, the membranes were washed in 2× SSC, air-dried and RNAs were fixed to the surface in a UV-crosslinker (Amersham Life Science). Later, the membranes were hybridized in solution (5× SSC, 50 mM Na2HPO4, pH 7.0, 0.1% Nlauroylsarcosine, 7% SDS, 2% blocking reagent-Roche, 50% formamide) with DIG-labeled probes (15 ng/ml) at 50
• C for 16 h. Chemiluminescent detection was performed with 1:30 000 diluted alkaline phosphatase labeled anti-DIG antibody and chemiluminescent substrates CDP-Star (Northern blots) or CSPD (dot blots) according to the procedure recommended by Roche. Hybridizations with different probes were performed with the same membrane. Probes were removed from the membrane by incubating in stripping solution (0.1× SSC, 0.1% SDS, 50% formamide) at 72
Comparison of defensin1 mRNA levels in nurse bees Experimental sets of RNA samples prepared from heads of nurses, each set containing samples from six examined colonies, were analyzed on one membrane together with RNA quantitative standards. As RNA quantitative standards, various amounts of a preselected head RNA sample containing high levels of the tested mRNAs were used. After chemiluminiscent detection, the membrane was exposed to X-ray films, the developed films were scanned using a transparency adapter and signals of mRNAs were quantified with 1D Image Analysis Software (Kodak). From quantified mRNA signals, the relative defensin1 mRNA levels normalized to reference mRNAs were calculated for each sample set as follows: the defensin1 mRNA intensities were divided by the intensities of a reference mRNA and the obtained values were relativized to lowest value.
Statistical analysis
One-way ANOVA was used for evaluation of data. Data with P-values smaller than 0.05 were considered as statistically significant. Analyses were performed using GraphPad Prism (GraphPad Software Inc., La Jolla, California, USA). The data are expressed as mean values with the standard error of the mean (SEM).
Results
Development of a procedure for the quantification of defensin1 in LJs Since RJ contains water soluble as well as insoluble proteins (Tomoda et al. 1977; Takenaka & Echigo 1983) it cannot be excluded that certain portion of defensin1 fractionates with insoluble protein fraction of LJ. Therefore, for the determination of defensin1 amounts in jellies, immunoblotting was chosen by which denaturing conditions used for preparation of samples solubilize most molecular complexes and protein aggregates. Antibodies were prepared against recombinant peptide expressed in E. coli. Raised antiserum recognize specifically the defensin1 band among electrophoretically separated RJ proteins ( Figs 1A, B) . It contained also antibodies weakly reacting with some RJ proteins. These antibodies did not hamper specific immunodetection of the small defensin1 peptide located distantly from the proteins. They were already present in preimmune serum (Fig. 1C) . During elaboration of the immunoblot procedure, we determined optimal amounts of RJ for analysis in Tricin-SDS-PAGE (0.2 mg) and chose from available RJ samples one sample (V4(2d) containing high defensin1 amount as a quantification standard. By comparative electrophoretic analyses with known quantities of native and recombinant defensin1 Explanations: Intercolonial and intracolonial comparisons of defensin1 levels were made within several sets of LJ samples using total protein (TP) and water-soluble protein (WSP) for normalization. Individual comparisons are separated by horizontal lines. The intracolonial ones are soft shadowed. RJ and WJ samples were collected from colonies of 3 apiaries over a period of several years (samples 1-20, 1999; 21-38, 42-49, 2001; 39-41, 50-55, 2002) . Samples compared in single sets represent in most cases LJs collected on the same day. Exceptions are subsets 1-5 and 6-10 where the time interval between collections was 10 days and subsets 29-33 and 34-38 with the interval of 4 weeks. LJ appellations includes: apiary abbreviation (V, L, S), colony number, age of larva in days (Table 1) .
we estimated that 1 mg of the RJ V4(2d) contains 0.5 µg of defensin1 (unpublished data). Several other issues were optimized in the satisfactory working procedure described in section 2.6. Representative examples of the defensin1 quantification in RJs using this procedure are shown in Fig. 2 .
Study of expression of LJ defensin1 in colonies and factors influencing it.
The expression of LJ defensin1 in colonies was investigated by analyzing defensin1 levels in RJ and WJ samples collected from colonies belonging to different breeding lines in 3 apiaries during several years. To find factors regulating expression of LJ defensin1 in honeybee colonies, defensin1 amounts were compared in different sets of LJ samples representing the material of various specifications. To be able to compare different samples collected at various environmental and seasonal conditions, the determined defensin1 amounts were normalized against LJ proteins, total protein (TP) and watersoluble protein (WSP). Additionally, most of comparative analyses were performed with LJs collected on the same day. First we compared defensin1 levels in RJ samples originating from several colonies of apiary V and L. The samples contained 0.171-0.496 µg of defensin1 per mg of jelly. It corresponds to 2.57 and 2.31-fold differences in relative amount of defensin1 normalized to TP and WSP, respectively (Table 1, samples 1-10). Among the tested samples were also RJs whose antimicrobial activity against P. larvae was previously determined by a bacterial inhibition assay on an acidic polyacrylamide gel (Bachanová et al. 2002) . We found that RJs that contained the highest amounts of defensin1 (samples 4 and 8) yielded also the strongest inhibition bands in the inhibition assay and vice versa those with lowest defensin1 amounts (samples 6 and 10) yielded the weakest inhibition bands. These results experimentally confirmed that RJs from different colonies vary in defensin1 content what has impact on antibacterial efficacy of jellies.
In each of the colonies V4-V8 and L11, RJ samples were collected from several queen cells containing larvae of known age (between 1-5 days old). From 3 of the colonies and other colonies (L6-L10), WJ samples were also collected. Comparisons of these LJs (Table 1, samples 11-41) demonstrated intracolonial variations in relative defensin1 amount in analyzed samples reaching 1.6-fold difference (sample 40, TP normalization). Further, they demonstrated that statistically significant intercolonial differences exist in expression of LJ defensin1. Significantly higher amount of defensin1 Fig. 3 . Analysis of variances in LJ defensin1 levels among colonies. Amounts of defensin1 normalized to total protein (TP) and water-soluble protein (WSP) were compared in sets of LJ samples collected in 6 colonies (samples 11-41, Table 1 ). Data represent mean ± SEM. The LJs from colonies V4 and V6 contained significantly higher amount of defensin1 than those of other examined colonies. *P < 0.001 was calculated vs. V5, V7, V8 and L11 colony.
(P < 0.001) was determined in two colonies, V6 and V4 in comparison to V5, V7, V8 and L11. Similar patterns of variations of LJ defensin1 levels among colonies were obtained with both normalizations (Fig. 3) . Finally, comparisons revealed that there is no correlation between relative amount of defensin1 in RJ and the age of the fed larva (Table 1, samples 11-41) and that WJs contain similar normalized and relative amounts of defensin1 as RJs (Table 1, samples 21-41, 50-55) .
From the apiary S where AFB occurred, RJ samples were obtained from colonies showing no symptoms of infection (S1-S4) and from colonies with clear symptoms of AFB (S5-S6). Similar absolute and relative defensin1 levels were found in jellies of both colony types (Table 1 , samples 42-49). Their relative levels corresponded to standard relative defensin1 levels in RJs collected from healthy colonies of L and V apiaries (see next section on Variations of defensin1 and Fig. 4) . These results indicate that the occurrence of P. larvae in the colony obviously has not an effect on the expression of LJ defensin1 and it does not contribute to the variations of defensin1 levels in LJs in colonies. Nevertheless, final verification of this finding should be done by analyzes of larger numbers of healthy and AFB diseased colonies.
Variations of defensin1 and protein levels in examined Fig. 4 . Profile of relative defensin1 levels in examined LJs. The graphical comparison of relative amounts of defensin1 in all analyzed LJ samples is shown. This demonstrates the extent of variances in defensin1 levels in the LJs and documents that both ways of normalization of defensin1 amounts in LJs either versus total protein (TP) or to water-soluble protein (WSP) make possible to identify the identical LJs containing higher defensin1 levels. Note: Three LJs are depicted twice in the graph (samples: 4, 15; 5, 17 and 41, 55).
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LJs. Classifying colonies according to expression of LJ defensin1
The analyzed LJs differed in all determined parameters. The highest differences among jellies were in their TP and WSP contents reaching almost two-fold and more than two-fold values, respectively. WSP/TP ratios lying in the range 56.4-86.0% (individual ratios not shown) and dry weights had lower variability. RJs contained less TP and WSP than WJs. Defensin1 levels varied in jellies between 0.159-0.524 µg/mg LJ (Table 1). Relative defensin1 levels normalized to TP or WSP (calculated in a scope of all analyzed LJs) varied between 1-3.01 or 1-2.72, respectively (Fig. 4) . The average relative levels of defensin1 in the LJs were 1.61 and 1.63, respectively. In vast majority of samples, relative levels of defensin1 fluctuated between 1.0-1.9 (both normalizations). Based on these findings, we classified colonies according to magnitude of LJ defensin1 levels into two groups -those producing LJs with average, standard defensin1 levels (SDef1P) and those with higher defensin1 levels (HrDef1P). As HrDef1P colonies, we took colonies containing LJs with relative defensin1 levels higher than 1.9, it means with quantitative ratios Def1/TP and Def1/WSP above 2.36 × 10 −3 and 3.38 × 10 −3 , respectively. Several colonies of apiaries L and V belonging to various breeding lines met these criteria. However, none of the examined breeding lines can be marked as the line with higher LJ defensin1 expression because the lines with HrDef1P colonies contained also SDef1P colonies.
Expression of defensin1 mRNA in nurses and its relationship with defensin1 peptide levels in LJs in colonies Expression of defensin1 mRNA was examined in the heads of 10 and 14 days old nurses containing developed LJ defensin1 producing cephalic glands. Five sets of RNA samples prepared from nurses of 6 colonies were analyzed. Single samples contained RNA isolated from 20 nurses' heads. Transcript levels of defensin1 mRNA and mRNAs encoding major RJ proteins MRJP3 and MRJP4 were compared in sets of RNA samples using quantitative RNA dot blot. Variations in defensin1 mRNA levels were detected among the samples originating from different colonies but also among the samples from the same colony. Statistically significant differences in the relative level of defensin1 normalized toMRJP3 (P < 0.001) and MRJP4 (P < 0.05) were found between colony L9 and all other colonies. Similar patterns of variations of relative defensin1 levels among tested colonies were obtained by both normalizations (Fig. 5) . In order to evaluate a relationship between defensin1 expression in nurses and peptide abundance in jellies, relative defensin1 mRNA levels in the nurse heads were compared to relative peptide levels determined in WJs samples within colonies. A correlation was found in 4 colonies. In two colonies (L7 and L10), relative peptide levels were higher than relative levels of defensin1 mRNA (Fig. 5) . The last result indicates that defensin1 expression might be controlled at the mRNA and protein levels in nurses. Relative levels of defensin1 mRNAs normalized to MRJP3 and MRJP4 mRNA were determined in 5 sets of RNA samples from each colony by RNA dot blot analysis. Three sets of samples were prepared from 10 days and two sets from 14 days old nurses. Each sample consisted of 20 nurses' heads. Relative levels of defensin1 mRNA were evaluated by statistical analysis. Data represent mean ± SEM. *P < 0.001 and **P < 0.05 was calculated vs. def1/MRJP3 and vs. def1/MRJP4 levels of L6, L7, L8, L10 and L11 colony, respectively. Relative levels of defensin1 peptide normalized to total proteins (TP) were determined in worker jelly (WJ) samples collected from the same colonies as nurses (samples 50-55, Table 1 ). The data demonstrate that nurses within and among colonies may differ in the expression of defensin1 mRNA and also that higher defensin1 peptide level in WJ has not to be associated with higher expression of defensin1 mRNA in nurses.
Discussion
In this work we demonstrate that the levels of the antimicrobial peptide defensin1 vary in RJ and WJ samples in colonies where intercolonial differences are usually higher than the intracolonial ones. These findings corroborate our previous data indicating that observed differences in antimicrobial activity of examined RJs are caused by variable content of defensin1 in jellies (Bachanová et al. 2002) . We verified this outcome directly by determining higher defensin1 amounts in RJ samples possessing higher antimicrobial activity. These findings strongly support the notion that defensin1 is a significant antimicrobial component of RJ. We focused on identification of factors that might be responsible for the observed quantitative variations in defensin1 levels in LJs. Following this aim, we compared contents of defensin1 peptide in jellies and of defensin1 mRNA in nurses' heads in samples collected from the colonies exposed to the same environmental and seasonal conditions. These analyzes revealed that (i) the magnitude of defensin1 levels in LJs is not determined by factors such as larval age, type of jelly (RJ or WJ), and exposition to AFB (ii) nurses from the same and different colonies may express variable levels of defensin1 mRNA (iii) relative levels of defensin1 mRNA in nurses do not always reach the magnitude of relative defensin1 peptide levels in WJs. The last observation indicates that expression of defensin1 may be regulated at transcriptional and/or translational/postranslational levels in nurses. Data and results obtained in this study demonstrate that defensin1 is constitutively expressed into LJs in colonies and indicate that its levels in jellies codetermine factors associated with genetic diversity of nurses (various genotypes) affecting the regulation of its expression. Findings indicating that LJ defensin1 expression in nurses depends on inheritable genetic traits as well as the observations that colonies producing LJs with higher defensin1 levels (originating from naturally mated or inseminated queens) occur randomly among various breeding lines in apiaries may be important for beekeeping. They suggest feasibility of a selective breeding of novel honeybee lines producing elevated amount of defensin1 into LJs.
Expression studies of defensin1 on protein and mRNA levels were done with more normalizators to obtain more objective data. Taking into account that LJs contain both water-soluble and insoluble proteins, the determined defensin1 amounts were normalized to both TP and WSP contents of jellies. We believe that the complex protein mixtures are better normalizators than particular jelly proteins. Their compositions are controlled by many genetic loci and therefore their contents might be less affected by genetic variability in colonies than a content of a single protein. Similar profiles of relative defensin1 levels in analyzed LJs were obtained with both ways of normalization but certain variability has been found between the normalizations in individual samples. We assume that this variability is caused mainly by variable WSP contents in analyzed LJs. They fluctuated between 56-86% of TP. Observed fluctuations are in good agreement with previous measurements of WSPs (46-89%, Tomoda et al. 1977; Takenaka & Echigo 1983) . Defensin1 gene expression was studied in nurses having developed LJproducing cephalic glands (Lensky & Rakover 1983; Knecht & Kaatz 1990; Klaudiny et al. 2005 ) using for normalization transcripts of genes encoding constitutive LJ proteins, MRJP3 and MRJP4 (Klaudiny et al. 1994a, b; Schmitzová et al. 1998; Albert et al. 1999) . We believe that the MRJP genes might be similarly regulated as defensin1 gene during aging of nurses. This is important because age-dependent development of hypopharyngeal glands in nurses was shown to be associated with changes in protein synthesis (Knecht & Kaatz 1990; Ohashi et al. 1997; Feng et al. 2009 ). Similar profiles of relative defensin1 mRNA levels in nurse heads were obtained with both reference mRNAs. This result demonstrates that the expression of MRJP3 and MRJP4 is co-regulated in nurses what confirms our previous observations (Klaudiny et al. 1994b ). On the basis of obtained expression data we infer that used ways of normalization are suitable for evaluation of LJ defensin1 expression in colonies, and could be employed for identification of colonies and nurses with higher LJ defensin1 expression.
The content of defensin1 was compared in RJs and WJs. It has been reported that the two jellies differed in amounts of proteins, sugars and some low molecular weight compounds (Brouwers et al. 1987; Asencot & Lensky 1988) probably because they contain different proportions of secretions of hypopharyngeal and mandibular glands (Jung-Hoffmann 1966; Rembold 1987) . This suggested a possibility that variability in defensin1 amounts could exist between the two jellies in a colony. Our analyses demonstrated that RJ and WJ collected from single colonies contained similar amounts of defensin1 and displayed similar variations in the magnitude of defensin1 levels. This indicates that defensin1 expression is under the same regulation in both cephalic glands of nurses. These findings are valid for the analyzed WJ mixtures. They consisted of WJ secretions collected from many worker cells and thus resembled RJs representing mixtures of secretions from numerous genetically heterogeneous nurses. It remains unknown what differences in the magnitude of defensin1 levels exist among WJs provided in small volumes to individual young worker larvae during the time when are most susceptible to P. larvae infection (12-36 h after egg hatching). This issue requires further research. Nevertheless, we hypothesize that theseWJs will show higher differences in defensin1 levels than RJs within a colony since in them the effect of averaging of a variable defensin1 contents in secretions from small numbers of nurses will be obviously less pronounced. We speculate that the expected higher variability in defensin1 amounts in the larval food of young worker larvae could be one of the factors influencing colony susceptibility or resistance against AFB.
An interesting observation made in this study is that LJs from the colonies of AFB infected apiary had relative defensin1 levels similar to standard relative levels in colonies of two healthy apiaries but they contained lower amounts of proteins, particularly WSP. We speculate that the combination of standard levels of defensin1 with lower amounts of proteins in the LJs could be a reason why AFB developed in some of the colonies. Some LJs could contain lower amounts of compounds participating together with defensin1 in generation of an antipathogenic effect of LJ against P. larvae in midgut of larvae. We assume that such compounds could be: (i) some other LJ antimicrobial substances, (ii) some LJ component(s) supporting or prolonging the activity of defensin1 in larval midgut environment containing proteases, (iii) some LJ substance(s) controlling defensin1 degradation in larval midgut into shorter but still antimicrobially active peptides. Such short peptides have been already described for some insect defensins. Interestingly they exhibit a broader antimicrobial spectrum than their intact parent molecules (Yamada & Natori 1994; Lee et al. 1998; Gao & Zhu Defensin1 expression in honeybee colonies 209 2010). Also here further research is needed to obtain more knowledge about LJ substances that really contribute to generation of antipathogenic properties of jellies. Nevertheless, as regards the AFB development in some colonies of the infected apiary, it is also possible that specific LJ compositions were not its reason and that other factors may have negatively affected colony defense against AFB.
Based on the evaluation of defensin1 levels in numerous LJs, we defined the colonies producing LJs with higher defensin1 levels (HrDef1P colonies). The suggested quantitative criteria might be employed for selection of colonies suitable for breeding of novel high LJ defensin1 producing lines. The novel lines should consist of majority of nurses carrying defensin1 high production genotypes and produce larval food having higher antimicrobial activity in all LJ secretions provided to larvae. Such larval food could have increased ability to inhibit the growth of P. larvae in the midguts of young larvae and thus help larvae with low individual immunity to avoid infection. The suggested breeding associated with a consequential evaluation of the disease resistance in the newly bred colonies represents a way how to objectively confirm or exclude function of LJ defensin1 in colony defense against AFB.
